PURPOSE. This study tests the hypothesis that reduced retinal and choroidal blood flow (BF) occur in the DBA/2J mouse model of glaucoma. METHODS. Quantitative BF magnetic resonance imaging (MRI) with a resolution of 42 ϫ 42 ϫ 400 m was performed on DBA/2J mice at 4, 6, and 9 months of age and C57BL/6 agematched controls under isoflurane anesthesia. BF MRI images were acquired with echo-planar imaging using an arterial spin labeling technique and a custom-made eye coil at 7 Tesla. Automated profile analysis was performed to average layerspecific BF along the length of the retina and choroid. In separate experiments, servo-null micropressure measurements of iliac arterial pressure were performed in old mice of both strains. RESULTS. Choroidal BF was lower in DBA/2J mice than in agematched C57BL/6 control mice at 4, 6, and 9 months of age (P Ͻ 0.01 for all age-matched groups). Retinal BF was lower in DBA/2J mice than in C57BL/6 mice at the 9-month time point (P Ͻ 0.01). Mean arterial pressure was not significantly different in aged C57BL/6 mice compared with aged DBA/2J mice. CONCLUSIONS. The reduced ocular blood flow in DBA/2J mice compared with C57BL/6 control mice suggests that ischemia or hypoxia should be considered as a possible contributing factor in the optic neuropathy in the DBA/2J mouse model of glaucoma. (Invest Ophthalmol Vis Sci. 2012;53:560 -564) DOI: 10.1167/iovs.11-8429 A nimal models of glaucoma often use ocular hypertension as the foundation for studying anatomic changes, physiological regulation, and disease mechanisms.
A nimal models of glaucoma often use ocular hypertension as the foundation for studying anatomic changes, physiological regulation, and disease mechanisms. 1, 2 One widely used model is the DBA/2J mouse. [3] [4] [5] This mouse has mutations that cause expression of two aberrant proteins: tyrosinase-related protein 1 (Tyrp1), which causes iris stromal atrophy, 6 and glycoprotein transmembrane nmb (Gpnmb), thought to cause iris pigmentary dispersion, which increases intraocular pressure (IOP) by obstructing the trabecular meshwork and decreasing trabecular outflow facility. 7 The DBA/2J mouse develops ocular hypertension and optic neuropathy at the age of 4 to 6 months. It is unknown whether the ocular hypertension impairs ocular blood flow (BF) in the DBA/2J mouse and contributes to the optic neuropathy.
MRI allows for the study of anatomy, blood flow, and responses to stimulations (so-called functional MRI) in a noninvasive manner without depth limitation or image aberrations caused by tissue density variations that hinder optical methods. MRI is popular in neuroscience research, particularly to image brain anatomy and functional responses to sensory or cognitive stimuli. In addition, BF can be quantitatively measured with an MRI technique called arterial spin labeling (ASL). 8, 9 The resolution of these MRI modalities is sufficient for studying small organs and tissues, including those of the mouse eye. 10 Given this MRI capability and the lack of information about ocular BF in the DBA/2J mouse, this study sought to test the hypothesis that ocular BF is reduced in the DBA/2J mouse over the time course of its development of ocular hypertension and optic neuropathy. Age-matched C57BL/6 mice were used as controls, as in other DBA/2J studies.
11,12

METHODS
The protocols were reviewed and approved by the local Institutional Animal Care and Use Committee in accordance with the Guide for the Care and Use of Laboratory Animals and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Animal Preparation
DBA/2J mice (Jackson Laboratories, Bar Harbor, ME) aged 4 months (n ϭ 10), 6 months (n ϭ 5), and 9 months (n ϭ 5) and C57BL/6 mice (Charles River Laboratories, Wilmington, MA) aged 4 months (n ϭ 5), 6 months (n ϭ 8), and 9 months (n ϭ 7) were imaged with MRI. Animals were placed in a holder with ear and tooth bars to minimize motion. During imaging, mice spontaneously breathed a mixture of 30% O 2 /70% N 2 with 1.6% isoflurane for anesthesia. The respiratory rate was monitored, and slight adjustments were made to the anesthesia level to keep the respiratory rate in a target range of 80 to 120 breaths/minute. Heart rate, temperature, and O 2 saturation were also monitored. Animal temperature was monitored and maintained at 37°C with warm water that circulated through a water pad on which the mouse laid for the duration of the experiment.
MRI Measurements
Depth-resolved quantitative BF MRI was performed at a resolution of 42 ϫ 42 ϫ 400 m. MRI scans were performed in a 7 Tesla magnet instrument (Biospec; Bruker, Billerica, MA) with a 150 Gauss/cm gradient using a custom eye coil for imaging (diameter, 6 mm) and a heart coil for ASL (diameter, 8 mm) (Fig. 1) . The BF scans were acquired with a gradient-echo, echo-planar imaging sequence with a 6 ϫ 6 mm field of view and 144 ϫ 144 matrix (42 ϫ 42 m resolution in-plane) zero-filled interpolation to 256 ϫ 256. The BF sequence used a single, 400-m coronal slice, 2 shots, 2.94-second labeling pulse, 3.0-second repetition time, and 13-ms echo time. The slice was positioned near 
Arterial Pressure Measurements
To measure arterial pressure, separate groups of C57BL/6 mice (n ϭ 9) and DBA/2J (n ϭ 9) mice, all aged 6 months and older, were anesthetized with 1.6% isoflurane as described. An iliac artery cutdown was performed. Arterial pressure in the iliac artery was measured for 1 hour using a servo-null micropressure system (model 900A; World Precision Instruments, Sarasota, FL). The technique made use of glass micropipettes drawn to a 3-to 5-m diameter tip to cannulate a target blood vessel. The pipette was filled with 2 M NaCl that permits an electric circuit to be established between the pipette and a reference electrode placed in the tissue nearby. The resistance across the pipette tip was monitored, and a pressure pod with a fast piezo-electric valve applied the necessary pressure to the open end of the pipette that maintains the resistance constant at the tip in the vessel. The applied pressure was taken to be equivalent to the pressure in the vessel. After the experiment, the mice were euthanized without regaining consciousness.
Statistical Analysis
Data analysis was performed with custom software packages (MatLab [MathWorks Inc, Natick, MA]and STIMULATE [Center for Magnetic Resonance Research, University of Minnesota, www.cmrr.umn.edu/stimulate/non_frame/index.html]) as described in detail elsewhere. 13, 14 A semiautomated process in MatLab was used to linearize the retina, align it to correct for motion (if any) of the eye during the scan, and conduct an automated profile analysis. 10 Profiles across the retinal thickness were obtained from images by projecting lines perpendicular to the retina with profiles obtained at 4 ϫ spatial interpolation. The BF (mL/min/g) was calculated from the signal intensities of labeled and nonlabeled images, as follows 15, 16 :
In this formula, (0.9 mL/g) 17 is the tissue-blood partition coefficient for water and is the value [(quantity of water/g tissue)/(quantity of water/mL blood)]. T 1 is 1.8 seconds at 7 Tesla, 18 S NL is the signal intensity (arbitrary units) of images with nonlabeled blood, S L (arbitrary units) is the signal intensity of images with magnetically labeled blood, and ␣ is the arterial spin-labeling efficiency (0.7) 10 for cardiac labeling in mice. BF profiles were averaged along the length of the retina, as shown in Figure 2 . Two peaks were present in the averaged BF profile, located in the inner retina and choroid. Measurements of retinal and choroidal BF were determined from the corresponding peaks from the average BF profiles for each animal.
Data are reported as mean Ϯ SD, with statistically significant differences reported when P Ͻ 0.05. One-way ANOVA with Tukey's multiple comparisons test was used to determine differences in choroidal or retinal blood flow within strains. Two-way ANOVA with the Bonferroni posttest was used to determine differences in choroidal or retinal blood flow by age between strains. An unpaired t-test was used to compare strain means (Prism; GraphPad, La Jolla, CA).
RESULTS
Representative BF images are shown in Figure 2 . Choroidal BF (Fig. 3, left) in C57BL/6 mice was 7.14 Ϯ 1.4 (range, 4.7-8.3) mL/min/g at 4 months of age, 5.29 Ϯ 1.4 (range, 2.5-6.8) mL/ min/g at 6 months of age, and 5.20 Ϯ 1.3 (range, 3.1-7.0) mL/ min/g at 9 months of age. Although trending downward with age, choroidal BF in the C57BL/6 mice was not significantly different at the three time points. Choroidal BF for DBA/2J mice was 4.20 Ϯ 1.6 (range, 2.3-7.1) mL/min/g at 4 months of age, 1.52 Ϯ 0.78 (range, 0.9-2.8) mL/min/g at 6 months of age, and 1.95 Ϯ 0.51 (range, 1.4-2.6) mL/min/g at 9 months of age. Choroidal BF in DBA/2J mice was significantly lower at 6 and 9 months than at 4 months of age. Choroidal BF in DBA/2J mice was significantly lower than in C57BL/6 mice at all age groups (P Ͻ 0.01 for all age-matched groups). Retinal BF (Fig. 3, right) for C57BL/6 mice was 1.34 Ϯ 0.19 (range, 1.2-1.7) mL/min/g at 4 months of age, 0.98 Ϯ 0.17 (range, 0.7-1.2) mL/min/g at 6 months of age, and 0.93 Ϯ 0.34 (range, 0.3-1.4) mL/min/g at 9 months of age. Although trending downward with age, retinal BF in the C57BL/6 mice was not significantly different at the three time points. Retinal BF for DBA/2J mice was 1.09 Ϯ 0.32 (range, 0.7-1.8) mL/min/g at 4 months of age, 0.61 Ϯ 0.18 (range, 0.4 -0.9) mL/min/g at 6 months of age, and 0.42 Ϯ 0.31 (range, 0.1-0.8) mL/min/g at 9 months of age. Retinal BF in DBA/2J mice was significantly lower at 6 and 9 months than at 4 months of age. Retinal BF in DBA/2J mice was significantly lower than in C57BL/6 mice in the 9-month age-matched group (P Ͻ 0.01).
In addition to age-matched time points, group comparisons were made combining all C57BL/6 and DBA/2J mice (Fig. 4) . Choroidal BF for all C57BL/6 mice was 5.43 Ϯ 0.28 (range, 2.5-9.3) mL/min/g versus 2.95 Ϯ 0.45 (range, 0.9 -7.1) mL/ min/g for the DBA/2J mice (P Ͻ 0.01). Retinal BF for all C57BL/6 mice was 0.99 Ϯ 0.05 (range, 0.3-1.7) mL/min/g versus 0.80 Ϯ 0.09 (range, 0.1-1.8) mL/min/g for the DBA/2J mice (P Ͻ 0.05).
Mean arterial pressure of aged C57BL/6 mice was 85 Ϯ 8 (range, 70 -99) mm Hg. Mean arterial pressure of aged DBA/2J mice was 80 Ϯ 12 (range, 63-103) mm Hg, which was not significantly different from C57BL/6 mice (Fig. 5) .
DISCUSSION
Glaucoma is a complex disease that leads to progressive optic neuropathy with loss of vision or blindness. Increased IOP is a risk factor for glaucoma, and current therapeutic interventions for glaucoma are aimed at lowering IOP. 19 A longstanding hypothesis is that ocular hypertension reduces the ocular perfusion pressure, which causes reduced BF in the ocular circulations, particularly in the prelaminar and laminar optic nerve. 20 IOP-induced deformation of the optic nerve head may also impair axoplasmic transport in the retinal ganglion cell axons, which may damage axons directly or make them more susceptible to ischemic insult. 21 The DBA/2J mouse model of glaucoma develops ocular hypertension and optic neuropathy with age. [3] [4] [5] [6] 11, 12 The present results indicate that BF in the retinal and choroidal circulations also declines with age in the DBA/2J mouse. Moreover, retinal and choroidal BF in DBA/2J mice is lower than in similarly old control C57BL/6 mice not known to develop optic neuropathy. 22 Given that the murine optic nerve head circulation is derived from the central retinal artery, 23 it seems plausible that BF to the optic nerve may also be reduced and perhaps contributes to the optic neuropathy.
The perfusion pressure gradient driving BF through the ocular circulations is the arterial pressure just outside the eye minus the venous pressure as the veins exit the eye. Venous pressure is slightly greater than IOP or the veins would collapse, and so it is considered approximately equal to the IOP. 24 -27 In the older subsets of DBA/2J and C57BL/6 mice tested, there was no significant difference in arterial pressure that would reduce the perfusion pressure and account for the reduced choroidal and retinal BF (Fig. 5) . It should be noted that although the iliac arterial pressures in the two mouse strains were similar, the arterial pressure in the mouse central retinal artery supplying the retina and the ciliary arteries supplying the choroid may be lower than the iliac arterial pressure.
In contrast to the similar arterial pressures in the two strains, the IOPs were assumed to be different based on the IOP evaluation by Inman et al. 5 in DBA/2J mice, who found that from 2 to 10 months of age, IOP increased approximately 0.9 mm Hg per month from a starting IOP of approximately 15 mm Hg, with Ͼ 80% of 9-month-old DBA/2J mice having IOPs greater than 20 mm Hg. Other investigators have also reported age-dependent IOP increases in the DBA/2J model. 3, 4 By contrast, IOP decreases slightly with age in the C57BL/6 strain. 28 Given the documented age-dependent ocular hypertension in Age-dependent analysis. Left: choroidal BF was significantly lower in DBA/2J mice than in C57BL/6 mice at 4 months, 6 months, and 9 months of age. Right: retinal BF was significantly lower in DBA/2J mice than in C57BL/6 mice at 9 months of age. *P Ͻ 0.01, two-way ANOVA. the DBA/2J strain and normotension in the C57BL/6 strain, it seems likely that reduced perfusion pressure contributed to the lower retinal and choroidal BF in the older DBA/2J mice.
DBA/2J mice also exhibited age-related decline in the scotopic electroretinogram a-and b-wave amplitudes reported in this strain by Bayer et al. 22 It is interesting that those authors found the a-wave declined earlier than the b-wave, which is consistent with insufficient perfusion of the outer retina and with the reduced BF seen earlier in the choroid than in the retina in this study. Also suggestive of BF involvement are the age-dependent decreases and increases in pattern electroretinogram responses to acute increases and decreases in IOP induced by head-down and head-up tilt. 29, 30 Depending on the autoregulatory abilities of the murine retinal and choroidal circulations (i.e., their abilities to maintain BF despite changes in perfusion pressure), such alterations in perfusion pressure would cause directionally similar changes in retinal and choroidal BF possibly sufficient to affect retinal function.
There are three limitations of this study that should be noted. First, BF of the mouse optic nerve was not measured, and thus reduced optic nerve BF can only be inferred. Second, though perfusion pressure likely declined with age in the DBA/2J mice, blood pressure and IOP were not measured simultaneously during MRI. Future experiments could manipulate blood pressure and IOP to vary the perfusion pressure and study retinal and choroidal autoregulation in mice, although this is difficult in the MRI scanner. Third, although the ASL-MRI BF measurement is widely used for brain research and has been cross-validated with more established techniques (e.g., positron emission tomography 31 and iodoantipyrine autoradiography 32 ), it has not been validated in the mouse eye because no alternative established technique exists for comparison in mice (e.g., microspheres). Despite these limitations, the finding of decreased retinal and choroidal BF in older DBA/2J mice provides new information about this widely used model of glaucoma.
